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1  | INTRODUC TION
More than 60% of human infections each year are attributable to zoo-
notic diseases (Karesh et al., 2012). It is therefore essential to identify 
and monitor potential pathogen reservoirs, including birds, whose mo-
bility and heterogeneous environmental exposure may facilitate patho-
gen spillover. The emergence of infectious diseases in wildlife and their 
potential threat as zoonoses has resulted in increased research inter-
est in birds as sentinels, vectors, and spillover sources of antimicrobial 
resistance (AMR) (Dolejska & Papagiannitsis, 2018). Zoonoses are of 
growing concern due to the impact of the ever- increasing human popu-
lation and ecosystem changes that bring people and wildlife into closer 
and more frequent contact (Laurance et al., 2014; Muehlenbein, 2013; 
Nadimpalli et al., 2020).
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Antimicrobial resistance (AMR) has been detected in the microbiota of wildlife, yet 
little is known about the origin and impact within the ecosystem. Due to the short-
age of nonepizootic surveillance, there is limited understanding of the natural preva-
lence and circulation of AMR bacteria in the wild animal population, including avian 
species. In this surveillance study, feces from wild birds in proximity to the River 
Cam, Cambridge, England, were collected and Pseudomonas spp. were isolated. Of 
the 115 samples collected, 24 (20.9%; 95% CI, 12.6%‒ 29.2%) harbored Pseudomonas 
spp. of which 18 (75%; 95% CI, 58%‒ 92%) had a multiple antibiotic resistance (MAR) 
index greater than 0.2. No Pseudomonas spp. isolate in this study was pansuscepti-
ble. Resistance was found among the 24 isolates against ciprofloxacin (87.5%; 95% 
CI, 74.3%‒ 100%) and cefepime (83.3%; 95% CI, 68.4%‒ 98.2%), both of which are 
extensively used to treat opportunistic Pseudomonas spp. infections. The prevalence 
of Pseudomonas spp. in the wild bird feces sampled during this study is greater than 
previous, similar studies. Additionally, their multidrug resistance profile provides in-
sight into the potential risk for ecosystem contamination. It further highlights the im-
portance of a One Health approach, including ongoing surveillance efforts that help 
to develop the understanding of how wildlife, including avifauna, may contribute and 
disperse AMR across the ecosystem.
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Despite AMR being commonly associated with high antibiotic 
usage, this is generally not true in wildlife; therefore, its presence 
may be used as an indicator of anthropogenic activities affecting the 
whole ecosystem. For instance, sewage water treatment facilities, 
farm manure, and slurry are all important habitats for birds and other 
animals, but they can become contaminated with AMR bacteria, an-
tibiotics (and/or their metabolites), and other elements that can act 
as selective drivers of AMR. Although assigning the directionality 
of this dissemination process is an extremely challenging task, pre-
vious work has noted the association between resistance patterns 
and the physical proximity of wild animals to humans (Laurance 
et al., 2014; Muehlenbein, 2013; Nadimpalli et al., 2020). Wild birds 
in particular may act as vectors of AMR bacteria by acquiring them 
from contaminated environments such as rivers receiving sewage 
effluent and, subsequently, contaminating other environments such 
as livestock grazing areas and urban environments through fecal 
shedding. This process potentially facilitates the dissemination of 
enteric pathogens of public health concern including, but not limited 
to, Pseudomonas spp., Salmonella spp., Klebsiella spp., Campylobacter 
spp., and Staphylococcus aureus (Benskin et al., 2009; Navarro- 
Gonzalez et al., 2020).
The Pseudomonas genus contains over 60 species of Gram- 
negative, aerobic, nonspore forming, rod- shaped, and motile or-
ganisms. Pseudomonas spp. are also capable of protecting other 
organisms by sheltering them from unfavorable conditions within 
biofilm formations (Puga et al., 2018) as well as employing coop-
eration mechanisms such as quorum sensing (Venturi et al., 2010). 
Pseudomonas are a metabolically versatile genus with typically large 
genome sizes varying from 3 to 7 Mbp (Hesse et al., 2018), known 
to contain several genetic mobile elements including megaplas-
mids (Cazares et al., 2020) as well as intrinsically and extrinsically 
acquired resistance mechanisms (Lister et al., 2009). These biolog-
ical properties allow Pseudomonas spp. to survive in a multitude of 
environments, including community reservoirs such as soil and rhi-
zosphere, swimming pools, and other infrastructures within urban 
settings (Nadimpalli et al., 2020). Carbapenems, cephalosporins, flu-
oroquinolones, and aminoglycosides are the most frequently used 
antipseudomonal antibiotics but resistance, including multidrug 
and pandrug resistance, has been reported in both veterinary and 
human medicine (Cabassi et al., 2017; Cazares et al., 2020; Haenni 
et al., 2015, 2017). The resistance mechanisms used by Pseudomonas 
spp. are varied and facilitated by their genomic plasticity including 
multidrug efflux systems, outer membrane protein loss, target muta-
tions, and enzyme production (Cabassi et al., 2017).
One species within the Pseudomonas genus, Pseudomonas aerugi-
nosa, is the causative agent of several diseases ranging from external 
otitis to fatal pneumonia in a range of hosts including dogs, rabbits, 
birds, and humans. It is rarely a member of the normal microbial flora 
in healthy humans or animals (Lister et al., 2009). However, in hu-
mans, severe P. aeruginosa infections usually occur in immunocom-
promised patients and in healthcare settings. In the United Kingdom, 
between April 2019 and March 2020, P. aeruginosa was the second 
most frequent nosocomial infection with 24.8% of all reported cases 
(n = 4,336) leading to death (Public Health England, 2021). Other 
species in the Pseudomonas genus include prolific plant and aqua-
culture pathogens (Beaton et al., 2018), food spoilage- associated 
organisms (Stellato et al., 2017), and useful biocontrol agents 
against plant pathogens (Gómez- Lama Cabanás et al., 2018; Haas & 
Défago, 2005; Kuzmanović et al., 2018).
Previous studies exploring the natural prevalence of bacteria 
associated with birds investigated microorganisms that present a 
threat to either human or domesticated/production animal health 
(Haesendonck et al., 2016; Laurance et al., 2014; Navarro- Gonzalez 
et al., 2020). The majority of these studies provide little information 
on the nonepizootic prevalence of Pseudomonas spp. in avifauna as 
they tend to rely on postmortem examinations and/or data collected 
as a result of a disease outbreak causing high mortality (Gómez, 2006; 
Vasconcelos et al., 2017; Vidal et al., 2017; Walker et al., 2002). 
Ongoing AMR surveillance studies of Pseudomonas spp. in wildlife, 
including birds, represent an underexplored area that may pose risks 
to humans, other animals, and the environment (Hernando- Amado 
et al., 2019; O'Neill, 2016; Pornsukarom & Thakur, 2017). The pres-
ent study reports the nonepizootic prevalence of Pseudomonas spp. 
in feces from wild birds in an urban aquatic setting. Additionally, the 
isolates' antimicrobial susceptibility was determined in order to esti-
mate potential risks to other elements of the ecosystem, which is the 
overarching purpose of this research.
2  | MATERIAL S AND METHODS
2.1 | Fecal sampling
A total of 115 bird fecal samples were collected using Amies Plain 
Transwabs® (MWE, Wiltshire). Swabs were transported to a con-
tainment level 2 laboratory where they were stored at 4°C for up to 
24 hr before culturing. The bird fecal swabs were collected over a 
24- month period from 6 locations along a 16- km stretch of the River 
Cam, Cambridge, England, and up to 0.8 km away from the riverbank 
(Figure 1). The sampled locations include leisure locations (e.g., nature 
reserve, country park, rowing club) that are popular with human pur-
suits such as boating, swimming, and bird- watching. Although swabs 
were obtained regularly from each location throughout the sampling 
period (at least twice), samples were collected during all seasons while 
maintaining a minimum dry weather timespan of 48 hr to avoid rainfall- 
associated fecal microbiota changes (Shehane et al., 2005). Care 
was taken to sample freshly defecated specimens from areas where 
Passeriformes, Columbiformes, Anseriformes, and Charadriiformes 
were observed to be inhabiting/visiting (Shehane et al., 2005).
2.2 | Sample culture and isolation of 
Pseudomonas spp.
Within 24 hr of collection, the bird fecal swabs were streaked onto 
Pseudomonas cetrimide agar (Oxoid, Basingstoke) and incubated 
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aerobically at 37°C for 24 hr. Plates with confluent growth were 
subcultured for isolation to avoid the risk of competitive inhibi-
tion. Putative Pseudomonas spp. colonies from the primary isolation 
media were subcultured, and isolated colonies were subject to Gram 
staining followed by biochemical testing for cytochrome c oxidase 
production and lactose fermentation via commonly used microbio-
logical techniques (Public Health England, 2015). At least three pas-
sages were done and tested as described to obtain pure cultures.
2.3 | Bacterial identification by 16S rRNA 
gene sequencing
Once pure cultures of bacteria were isolated and established, 
DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen) as 
per the manufacturer's instructions. The DNA of individual puta-
tive Pseudomonas spp. isolates was used as a template to amplify 
the region encoding the 16S rRNA gene (1.5 kb) in a thermal cycler 
(Techne, Loughborough) using previously described primers comple-
mentary to the conserved regions of the 5′ and 3′ ends of 16S rRNA 
gene (Lane et al., 1991). A reaction mixture consisting of 1× MyTaq™ 
Red Mix (Bioline, London), 1 μl of template DNA (50– 100 ng), and 
0.5 μM of each primer in a final reaction volume of 25 μl was used. 
PCR conditions were as follows: 95°C for 5 min, 34 cycles of 30 s 
at 95°C, 30 s at 54°C, and 2 min at 72°C were carried out followed 
by a terminal elongation step at 72°C for 10 min. The amplicons 
were separated electrophoretically through a 1% agarose gel in 
1× TAE buffer and visualized using GelRed® Nucleic Acid Gel Stain 
(Biotium, California) under ultraviolet illumination. Gel images were 
captured using GeneSys (Syngene, Cambridge), and the products 
were identified by molecular weight comparison with the markers 
of a 1 kb Plus DNA ladder (Invitrogen, Loughborough). The amplified 
PCR products were purified using the QIAquick PCR Purification Kit 
(Qiagen, Germany) and partially sequenced at the Department of 
Biochemistry, University of Cambridge, UK (https://www.bioc.cam.
ac.uk/), using the forward primer (Lane et al., 1991). The sequences' 
similarity were determined by comparing with the GenBank data-
base using BLAST (Altschul et al., 1990).
To determine the evolutionary relatedness among the 
Pseudomonas spp. isolates obtained in this study, a phylogenetic anal-
ysis was performed, employing MEGA version X (Kumar et al., 2018). 
The sequences were compiled and aligned using ClustalW embed-
ded in MEGAX. The phylogenetic tree was constructed using the 
Neighbor- Joining method (Saitou & Nei, 1987), and evolutionary 
distances were inferred using the Tamura– Nei model (Tamura & 
Nei, 1993). The reliability of the tree was evaluated by bootstrap res-
ampling technique with 1,000 bootstrap replications. Salmonella en-
terica ATCC 13314 (NR 041696) sequence retrieved from GenBank 
was used as an outgroup.
2.4 | Antibiotic susceptibility testing
According to the European Committee on Antimicrobial Susceptibility 
Testing (EUCAST), antibiotic susceptibility testing was carried out 
using the disk diffusion method (The European Committee on 
Antimicrobial Susceptibility Testing, 2019). The tested antibiotics 
(Oxoid, Basingstoke) were meropenem (10 µg), cefepime (30 µg), 
gentamicin (30 µg), ciprofloxacin (5 µg), and levofloxacin (5 µg). After 
aerobic incubation at 37°C for 24 hr, the diameters of the zones of 
F I G U R E  1   (a) Schematic map of 
East Anglia as legally defined in the 
Nomenclature of Territorial Units for 
Statistics (NUTS) 2. The map illustrates 
key geographic locations surrounding 
the sample collection area (delineated by 
the dotted square); Scale bar, 40 km. (b) 
Trace map of the River Cam, Cambridge, 
alongside the geographic coordinates of 
each sample collection site (expressed 
as latitude and longitude, in degrees, 
minutes, and seconds, according to the 
global positioning system); Scale bar, 2 km
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inhibition, in millimeters, were measured for each antibiotic and the 
isolates were classified as resistant or susceptible (The European 
Committee on Antimicrobial Susceptibility Testing, 2019). Isolates 
classed as “susceptible, increased exposure” by EUCAST were in-
cluded in the susceptible category. Multiple antibiotic resistance 
(MAR) indices were then determined for each isolate by using the 
formula MAR = a/b, where a represents the number of antibiotics to 
which the isolate was resistant to and b represents the total number 
of antibiotics to which the isolate has been tested for susceptibility 
(Krumperman, 1983).
2.5 | Statistical analysis
Statistical analysis was performed using SPSS Statistics 26 (IBM, 
Chicago). To investigate the differences in the number of isolates col-
lected between the sampled locations, a chi- square test was calcu-
lated. A chi- square test was also performed to compare the number 
of resistant and susceptible isolates, for each antibiotic. In the sample 
collection locations where Pseudomonas spp. were isolated, a two- 
way chi- squared test was used to determine whether there was an 
association between the sample location and the resistance profile of 
the isolates obtained. Statistical significance was deemed as α = 0.05.
3  | RESULTS
Pseudomonas spp. were detected in 24 of the 115 bird fecal samples 
collected and tested during this study (20.9%; 95% CI, 12.6%‒ 29.2% 
prevalence). Samples were collected from all six locations but were 
unevenly distributed across different sites (p < .001) (Table 1). The 
distribution of Pseudomonas spp. isolates was also significantly dif-
ferent between sample collection locations (p < .05), with one (loca-
tion 3) yielding no isolates (Table 1).
Of the 24 Pseudomonas spp. isolates, 12 exhibited a 16S rRNA 
gene similarity of <98.7% with any Pseudomonas spp. and, thus, 
were classified only to the genus level. Several isolates (n = 9) were 
identified as P. koreensis, and one isolate (n = 1) was identified as 
P. aeruginosa. The remaining isolates belonged to the P. fulva (n = 1) 
and P. fluorescens (n = 1) species. Based on the phylogenetic analy-
sis, a monophyletic tree was obtained (Figure 2) with the sequences 
grouped within two major clades, which were distantly separated 
from the outgroup (Salmonella enterica ATCC 13314). P. aeruginosa 
formed a single clade, with all the remaining sequences clustered 
separately with different subclades.
Antibiotic sensitivity screening revealed that the majority of 
Pseudomonas spp. isolates (75%; 95% CI, 58%‒ 92%; n = 18/24) were 
resistant to more than one antibiotic (MAR index > 0.2), with MAR 
indices ranging from 0.2 to 0.6 (Table 2). No Pseudomonas spp. iso-
late was susceptible to all the antibiotics tested. The distribution of 
the AMR findings according to their collection source is presented in 
Table 1. Isolates with MAR indices ≤ 0.2 may be categorized as being 
from low risk sources of contamination, while isolates with MAR in-
dices > 0.2, therefore multidrug resistant (MDR), may be high- risk 
sources (Krumperman, 1983). MDR strains were isolated from all 
collection areas where Pseudomonas spp. were detected. Excluding 
location 3, a two- way chi- squared analysis revealed that there was 
no association between the sample site and the proportion of resis-
tant isolates, with p = .995.
There was a significant difference between the number of resistant 
isolates found for each of the five tested antibiotics, indicated by chi- 
squared analysis, with p < .001. The highest prevalence of resistance 
within the 24 Pseudomonas spp. isolates was found toward ciprofloxa-
cin (n = 21; 87.5%; 95% CI, 74.3%‒ 100%) and cefepime (n = 20; 83.3%; 
95% CI, 68.4%‒ 98.2%). The lowest prevalence of resistance among the 
24 Pseudomonas spp. isolates was found toward meropenem (n = 1; 
4.2%; 95% CI, 0%‒ 12.2%), gentamicin (n = 2; 8.3%; 95% CI, 0%‒ 8.3%), 
and levofloxacin (n = 5; 20.8%; 95% CI, 4.6%‒ 37.1%).
4 | DISCUSSION
Wildlife, including birds, represent an area of AMR surveil-
lance studies that would benefit from further research due 






% Pseudomonas spp. from 
samples collected




Location 1 8 3 38 100.0 0.53
Location 2 28 4 14 75.0 0.4
Location 3 6 0 0 – – 
Location 4 49 12 24 66.7 0.37
Location 5 20 4 20 75.0 0.40
Location 6 4 1 25 100.0 0.60
Total 115 24 20.9 75 0.41
Note: The findings are presented alongside the percentage of Pseudomonas spp. isolates that were resistant to more than one of the antibiotics tested 
and, therefore, multidrug resistant (MDR). The multiple antibiotic resistance (MAR) indices for each location were calculated as per Krumperman 
(1983). The antibiotics tested by disk diffusion were meropenem (10 μg), cefepime (30 μg), gentamicin (30 μg), ciprofloxacin (5 μg), and levofloxacin 
(5 μg).
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to the potential risk to humans, animals, and the environment 
(Hernando- Amado et al., 2019; Pornsukarom & Thakur, 2017). In 
the present study, 115 bird fecal samples were collected from six 
locations along the River Cam in Cambridge, England. The preva-
lence of 0 Pseudomonas spp. in this study was determined to be 
20.9% (n = 24/115; 95% CI, 12.6%‒ 29.2%), in contrast to previous 
studies where prevalence rates ranged from 2% to 10% (Janiga 
et al., 2007; Vidal et al., 2017). Reports of higher rates are nor-
mally associated with disease outbreaks or densely populated 
areas (Saleh et al., 2019; Sela et al., 2007), which is not the case in 
the present study. Phylogenetically, the Pseudomonas spp. isolates' 
sequences clustered closely suggesting genetic relatedness; how-
ever, there was not an apparent relationship with their AMR pro-
files (Figure 2).
Furthermore, the high proportion of MDR (75%; 95% CI, 
58%‒ 92%) and absence of pansusceptibility found among the 24 
Pseudomonas spp. isolates highlight a need for continuous surveil-
lance efforts in order to preserve ecosystem health. The present 
analysis demonstrates that the resistance is widespread, and not 
limited to isolated locations (Table 1), as determined by the non-
statistically significant relationship between sample collection site 
and prevalence of resistance (p = .995). Collectively, these findings 
F I G U R E  2   Phylogenetic tree of Pseudomonas spp. isolates from the study overlaid with a heatmap of the AMR profiles. The phylogenetic 
tree is based on 16S rRNA gene sequences of Pseudomonas spp. isolated from wild bird feces (n = 24) collected around the River Cam, 
Cambridge, England. GenBank accession numbers are given in parentheses. Values at branch nodes indicate the bootstrap values, and scale 
bar represents nucleotide substitutions per site. Salmonella enterica ATCC 13314 was used as an outgroup. The heatmap is color- coded to 
denote resistance (in red) and susceptibility (in green) of each of the Pseudomonas spp. isolates. The antibiotics used are listed at the top of 
the heatmap by their standard abbreviation: CIP, ciprofloxacin; CN, gentamicin; FEP, cefepime; LEV, levofloxacin; MEM, meropenem
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suggest that the nonepizootic prevalence of Pseudomonas spp. in 
wild birds around urban areas is higher than previously reported. 
To the authors' knowledge, data on the AMR and MDR profiles of 
Pseudomonas spp. in wild birds, outside outbreak circumstances, 
are limited, even if the possibility of transmission to and from other 
species, including humans, is a concern that should warrant more 
attention.
Pseudomonas spp. and, in particular, P. aeruginosa, pose a seri-
ous therapeutic challenge for treatment due to their ability to de-
velop resistance to multiple antimicrobial classes (Lister et al., 2009; 
Public Health England, 2021), as supported by this present study. 
Here, the prevalence of resistance was highest toward ciprofloxa-
cin (n = 21/24; 87.5%; 95% CI, 74.3%‒ 100%), a widely prescribed 
fluoroquinolone that is part of the WHO's Essential Medicine List 
(Sharland et al., 2018). Fluoroquinolones have a favorable pharma-
cokinetic and pharmacodynamic profile that makes them first- line 
choice in the treatment of several community- acquired and nosoco-
mial infections, including P. aeruginosa. With the widespread use of 
the drug, resistance has emerged and continues to rapidly escalate 
(Lister et al., 2009; Magiorakos et al., 2012).
Importantly, this study also reported that the lowest prevalence 
of resistance was found toward meropenem, a critically important 
member of the carbapenem antibiotic class. Meropenem is a last- 
line antipseudomonal that is strictly reserved to human medicine in 
order to preserve its effectiveness. However, the increasing usage 
of carbapenems in hospitals worldwide exerts a selective pressure 
that promotes the emergence of resistant Pseudomonas spp. clones 
in both clinical and community settings. Since susceptibility to this 
class of antibiotics is often not assessed or reported in animal studies 
due to their restricted use, this study has purposefully included a 
carbapenem to evaluate potential collateral consequences of human 
antibiotic usage in animal Pseudomonas spp. strains. The presence 
TA B L E  2   Distribution of zone of inhibition results (in mm) and multiple antibiotic resistance (MAR) indices (calculated as per Krumperman 
(1983)) for the 24 Pseudomonas spp. isolates obtained from wild bird feces
Isolate Accession number
Zone of inhibition (mm)a
MAR IndexMEM FEP CN CIP LEV
Pseudomonas sp. strain 1.2 MN904993 25 18 22 22 21 0.6
Pseudomonas sp. strain 1.5 MN905002 18 15 24 21 21 0.6
Pseudomonas sp. strain 1.6 MN904995 26 19 19 23 26 0.4
Pseudomonas fulva strain 2.12 MN904979 19 11 19 21 20 0.6
Pseudomonas sp. strain 2.13 MN904985 30 15 26 31 23 0.2
Pseudomonas koreensis strain 2.16 MN904983 32 13 25 25 23 0.4
Pseudomonas sp. strain 2.19 MN904982 26 15 23 25 24 0.4
Pseudomonas koreensis strain 4.1 MN904984 26 19 22 25 22 0.4
Pseudomonas koreensis strain 4.9 MN904981 31 17 17 25 25 0.4
Pseudomonas koreensis strain 4.11 MN904997 29 20 21 25 24 0.4
Pseudomonas sp. strain 4.14 MN904999 22 12 17 25 24 0.4
Pseudomonas sp. strain 4.16 MN904987 31 20 20 26 26 0.2
Pseudomonas koreensis strain 4.17 MN904989 28 18 21 25 24 0.4
Pseudomonas sp. strain 4.19 MN904991 29 21 20 23 24 0.2
Pseudomonas aeruginosa strain 4.20 MN905001 36 11 26 21 19 0.6
Pseudomonas koreensis strain 4.23 MN904992 28 21 20 25 25 0.2
Pseudomonas koreensis strain 4.30 MN904994 13 21 11 20 25 0.6
Pseudomonas sp. strain 4.39 MN905000 28 12 18 25 26 0.4
Pseudomonas koreensis strain 4.47 MN904988 29 21 21 21 25 0.2
Pseudomonas koreensis strain 5.3 MN904986 30 19 22 26 22 0.2
Pseudomonas sp. strain 5.14 MN904996 26 20 21 24 24 0.4
Pseudomonas sp. strain 5.15 MN904998 18 20 13 24 24 0.6
Pseudomonas fluorescens strain 5.16 MN904990 29 17 21 25 24 0.4
Pseudomonas sp. strain 6.3 MN904980 20 13 20 23 18 0.6
Note: The antibiotics tested by disk diffusion method were meropenem (MEM, 10 μg), cefepime (FEP, 30 μg), gentamicin (CN, 30 μg), ciprofloxacin 
(CIP, 5 μg), and levofloxacin (LEV, 5 μg). The isolates' title is constituted of two components, the first number represents the sample collection 
location, and the second represents the temporal order of collection (for instance, strain 1.2 was the second to be collected from sample collection 
location 1). The cells have been colored red and green to demonstrate the isolates' antibiotic resistance and susceptibility, respectively.
aBreakpoints for the tested antibiotics are as follows (The European Committee on Antimicrobial Susceptibility Testing, 2019): MEM: resistant 
<18 mm; FEP: resistant <21 mm; CN: resistant <15 mm; CIP: resistant <26 mm; LEV: resistant <22 mm.
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of resistance to meropenem only in a single isolate (of 24 collected 
in this study), suggests that meropenem- resistant Pseudomonas spp. 
strains are not prevalent in this wild bird population. Nonetheless, 
one must still consider that several of the Pseudomonas spp. iso-
lates were MDR, demonstrating that these bacteria may harbor dif-
ferent resistance mechanisms, posing a potential risk for all types 
of resistance, including carbapenems (Cazares et al., 2020; Lister 
et al., 2009).
Identifying these resistance mechanisms is key to strength-
ening the current understanding of evolutionary selective pres-
sures and the potential AMR circulation and spillover routes 
(whole- genome sequencing is currently ongoing; unpublished 
data). Alongside other studies, the present findings highlight the 
potential that wild birds may be one of the vectors contributing 
to the widespread dissemination of the bacterial pangenome, in-
cluding AMR genes (Hernando- Amado et al., 2019; Pornsukarom 
& Thakur, 2017).
While the identification of bacterial presence is important, the 
characterization of the isolates' source is also essential to assess 
the potential impact on the ecosystem. In the current study, the 
samples were collected from six urban aquatic locations along the 
River Cam. The River Cam runs through central Cambridge, England, 
and is extensively used for recreational activities both in and on the 
water (e.g., swimming and boating). The sampling locations selected 
for the study are varied and in proximity to key areas such as coun-
try parks, rowing clubs, and nature reserves, all of which are visited 
daily by many people and animals alike. The analysis of MAR indi-
ces suggests that some of these locations are higher risk sources 
of contamination than others (Table 1); however, this study did not 
find a statistically significant association (p = .995). Conversely, the 
prevalence of Pseudomonas spp. was found to differ significantly be-
tween the sampled locations (p < .05). This was most likely a result of 
the varied number of samples collected from each location (Table 1), 
which introduced a potentially confounding variable to the study. 
For instance, as a result of fieldwork limitations and bird behavior, 
only 6 swabs were collected from location 3 and no Pseudomonas 
spp. isolates were obtained. Additionally, several more samples were 
collected from other areas with more vegetation and human activity 
that encouraged foraging behaviors (e.g., picnicking and food litter-
ing). Nonetheless, this is a retrospective observation made by the 
authors and was not subject of direct analysis in this study.
From a wider, yet relevant, perspective, future work needs to 
focus not only on collecting/collating microbiological surveillance 
data from wild birds, but also on analysis, reporting, and dissemi-
nation of these data. Importantly, there must be a dedicated effort 
to devise interventions that are mindful of the entire ecosystem so 
that they can comprehensively inform the policymaking process 
(Wellcome Trust et al., 2018; O'Neill, 2016). For instance, as sug-
gested in this paper, some of the drivers of AMR to wildlife may be 
anthropogenic; thus, reasonable interventions could include efforts 
to improve antimicrobial stewardship and policies regarding waste 
management.
5  | CONCLUSION
In conclusion, this study provides useful information regarding the 
natural prevalence of MDR Pseudomonas spp. in wild bird fecal sam-
ples collected around the River Cam in Cambridge, England. The 
results have highlighted that wild birds could act as potential MDR 
bacterial reservoirs in areas where spillover of AMR to humans, other 
animals, or the environment could occur. Nevertheless, as described 
throughout this manuscript, determining the source and direction-
ality of AMR dissemination is challenging which may, to a certain 
extent, explain why the currently available evidence is limited and/
or contradictory. It is our view that in order to overcome this, future 
work needs to be multidisciplinary and comprehensive of the whole 
ecosystem, including the often forgotten wildlife fauna. The findings 
in this study are significant and highlight the need for a One Health 
Approach to tackle AMR, including increased, ongoing, nonepizootic 
surveillance to prevent the spread and minimize potential risks to 
humans, animals, and the environment.
ACKNOWLEDG MENTS
This research was funded by internal funding from Anglia Ruskin 
University, which was obtained via a competitive process. We thank 
Imogen Duncan and Eliza- Alexandra Bujor for their valuable techni-
cal support. We also express our appreciation to the undergraduate 
students, Larissa Moldovan and Georgia Loweth, who contributed to 
the fieldwork portion of the study. Our special thanks are to Andrea 
Kovacs for her involvement in the final stages of the laboratory work 
and Gerbrandus Boots for reviewing the manuscript.
CONFLIC T OF INTERE S T
The authors have no conflicts of interest to declare.
AUTHOR CONTRIBUTIONS
Joana G. C. Rodrigues: Conceptualization (equal); Data curation 
(equal); Formal analysis (equal); Investigation (equal); Methodology 
(equal); Resources (lead); Validation (equal); Visualization (equal); 
Writing- original draft (lead); Writing- review & editing (equal). 
Harisree P. Nair: Data curation (equal); Formal analysis (equal); 
Investigation (equal); Methodology (supporting); Software (lead); 
Validation (equal); Visualization (equal); Writing- original draft (sup-
porting); Writing- review & editing (equal). Christopher O'Kane: 
Conceptualization (supporting); Formal analysis (equal); Funding 
acquisition (supporting); Methodology (equal); Supervision (sup-
porting); Writing- original draft (supporting); Writing- review & edit-
ing (supporting). Caray A. Walker: Conceptualization (equal); Formal 
analysis (equal); Funding acquisition (lead); Project administration 
(lead); Resources (supporting); Supervision (lead); Writing- original 
draft (supporting); Writing- review & editing (equal).
DATA AVAIL ABILIT Y S TATEMENT
The partial 16S rRNA gene sequences were submitted to GenBank 
with accession numbers MN904979 to MN905002.
8  |     RODRIGUES Et al.
ORCID
Joana G. C. Rodrigues  https://orcid.org/0000-0001-9976-4059 
Harisree P. Nair  https://orcid.org/0000-0002-9688-524X 
Christopher O’Kane  https://orcid.org/0000-0001-9270-6016 
Caray A. Walker  https://orcid.org/0000-0002-4700-1743 
R E FE R E N C E S
Altschul, S., Gish, W., Miller, W., Myers, E., & Lipman, D. (1990). Basic 
local alignment search tool. Journal of Molecular Biology, 215, 403– 
410. https://doi.org/10.1016/S0022 - 2836(05)80360 - 2
Beaton, A., Lood, C., Cunningham- Oakes, E., MacFadyen, A., Mullins, A. 
J., Bestawy, W. E., Botelho, J., Chevalier, S., Coleman, S., Dalzell, C., 
Dolan, S. K., Faccenda, A., Ghequire, M. G. K., Higgins, S., Kutschera, 
A., Murray, J., Redway, M., Salih, T., da Silva, A. C., … Tucker, N. P. 
(2018). Community- led comparative genomic and phenotypic anal-
ysis of the aquaculture pathogen Pseudomonas baetica a390T se-
quenced by Ion semiconductor and Nanopore technologies. FEMS 
Microbiology Letters, 365, fny069. https://doi.org/10.1093/femsl e/
fny069
Benskin, C. M. H., Wilson, K., Jones, K., & Hartley, I. R. (2009). Bacterial 
pathogens in wild birds: A review of the frequency and ef-
fects of infection. Biological Reviews, 84, 349– 373. https://doi.
org/10.1111/j.1469- 185X.2008.00076.x
Cabassi, C. S., Sala, A., Santospirito, D., Alborali, G. L., Carretto, E., 
Ghibaudo, G., & Taddei, S. (2017). Activity of AMP2041 against 
human and animal multidrug resistant Pseudomonas aeruginosa 
clinical isolates. Annals of Clinical Microbiology and Antimicrobials, 
16, 17. https://doi.org/10.1186/s1294 1- 017- 0193- 1
Cazares, A., Moore, M. P., Hall, J. P., Wright, L. L., Grimes, M., Emond- 
Rhéault, J., Pongchaikul, P., Santanirand, P., Levesque, R. C., 
Fothergill, J. L., & Winstanley, C. (2020). A megaplasmid family 
driving dissemination of multidrug resistance in Pseudomonas. 
Nature Communications, 11, 1370. https://doi.org/10.1038/s4146 
7- 020- 15081 - 7
Dolejska, M., & Papagiannitsis, C. C. (2018). Plasmid- mediated resistance 
is going wild. Plasmid, 99, 99– 111. https://doi.org/10.1016/j.plasm 
id.2018.09.010
Gómez, P. (2006). Phenotypic and genotypic characterization of an out-
break of Pseudomonas aeruginosa from wild birds. In A. Mendez- 
Vilas (Ed.), Modern multidisciplinary applied microbiology (pp. 130– 
135). Wiley- VCH Verlag GmbH & Co. KGaA.
Gómez- Lama Cabanás, C., Legarda, G., Ruano- Rosa, D., Pizarro- Tobías, 
P., Valverde- Corredor, A., Niqui, J. L., Triviño, J. C., Roca, A., & 
Mercado- Blanco, J. (2018). Indigenous Pseudomonas spp. strains 
from the olive (Olea europaea L.) rhizosphere as effective biocon-
trol agents against Verticillium dahliae: From the host roots to the 
bacterial genomes. Frontiers in Microbiology, 9, 277. https://doi.
org/10.3389/fmicb.2018.00277
Haas, D., & Défago, G. (2005). Biological control of soil- borne pathogens 
by fluorescent pseudomonads. Nature Reviews Microbiology, 3, 307– 
319. https://doi.org/10.1038/nrmic ro1129
Haenni, M., Bour, M., Châtre, P., Madec, J., Plésiat, P., & Jeannot, K. 
(2017). Resistance of animal strains of Pseudomonas aeruginosa 
to carbapenems. Frontiers in Microbiology, 8, 1847. https://doi.
org/10.3389/fmicb.2017.01847
Haenni, M., Hocquet, D., Ponsin, C., Cholley, P., Guyeux, C., Madec, J., 
& Bertrand, X. (2015). Population structure and antimicrobial sus-
ceptibility of Pseudomonas aeruginosa from animal infections in 
France. BMC Veterinary Research, 11, 9. https://doi.org/10.1186/
s1291 7- 015- 0324- x
Haesendonck, R., Rasschaert, G., Martel, A., Verbrugghe, E., 
Heyndrickx, M., Haesebrouck, F., & Pasmans, F. (2016). Feral 
pigeons: A reservoir of zoonotic Salmonella Enteritidis strains? 
Veterinary Microbiology, 195, 101– 103. https://doi.org/10.1016/j.
vetmic.2016.09.017
Hernando- Amado, S., Coque, T. M., Baquero, F., & Martínez, J. L. (2019). 
Defining and combating antibiotic resistance from One Health and 
Global Health perspectives. Nature Microbiology, 4, 1432– 1442. 
https://doi.org/10.1038/s4156 4- 019- 0503- 9
Hesse, C., Schulz, F., Bull, C. T., Shaffer, B. T., Yan, Q., Shapiro, N., Hassan, 
K. A., Varghese, N., Elbourne, L. D. H., Paulsen, I. T., Kyrpides, N., 
Woyke, T., & Loper, J. E. (2018). Genome- based evolutionary his-
tory of Pseudomonas spp. Environmental Microbiology, 20, 2142– 
2159. https://doi.org/10.1111/1462- 2920.14130
Janiga, M., Janiga, M., Sedlárová, A., Sedlárová, A., Rigg, R., Rigg, R., 
Novotná, M., & Novotná, M. (2007). Patterns of prevalence among 
bacterial communities of alpine accentors (Prunella collaris) in the 
Tatra Mountains. Journal of Ornithology, 148, 135– 143. https://doi.
org/10.1007/s1033 6- 006- 0104- 2
Karesh, W. B., Dobson, A., Lloyd- Smith, J. O., Lubroth, J., Dixon, M. A., 
Bennett, M., Aldrich, S., Harrington, T., Formenty, P., Loh, E. H., 
Machalaba, C. C., Thomas, M. J., & Heymann, D. L. (2012). Ecology 
of zoonoses: Natural and unnatural histories. Lancet, 380, 1936– 
1945. https://doi.org/10.1016/S0140 - 6736(12)61678 - X
Krumperman, P. (1983). Multiple antibiotic resistance indexing of 
Escherichia coli to identify high- risk sources of fecal contamina-
tion of foods. Applied and Environmental Microbiology, 46, 165– 170. 
https://doi.org/10.1128/aem.46.1.165- 170.1983
Kumar, S., Stecher, G., Li, M., Knyaz, C., & Tamura, K. (2018). MEGA X: 
Molecular evolutionary genetics analysis across computing plat-
forms. Molecular Biology and Evolution, 35, 1547– 1549. https://doi.
org/10.1093/molbe v/msy096
Kuzmanović, N., Eltlbany, N., Ding, G., Baklawa, M., Min, L., Wei, L., & 
Smalla, K. (2018). Analysis of the genome sequence of plant ben-
eficial strain Pseudomonas sp. RU47. Journal of Biotechnology, 281, 
183– 192. https://doi.org/10.1016/j.jbiot ec.2018.07.023
Lane, D. J. (1991). 16S/23S rRNA sequencing. In: E. Stackebrandt, & M. 
Goodfellow (Eds.), Nucleic acid techniques in bacterial systematics. 
John Wiley and Sons.
Laurance, W. F., Sayer, J., & Cassman, K. G. (2014). Agricultural expansion 
and its impacts on tropical nature. Trends in Ecology & Evolution, 29, 
107– 116. https://doi.org/10.1016/j.tree.2013.12.001
Lister, P. D., Wolter, D. J., & Hanson, N. D. (2009). Antibacterial- resistant 
Pseudomonas aeruginosa: Clinical impact and complex regula-
tion of chromosomally encoded resistance mechanisms. Clinical 
Microbiology Reviews, 22, 582– 610.
Magiorakos, A., Srinivasan, A., Carey, R. B., Carmeli, Y., Falagas, 
M. E., Giske, C. G., Harbarth, S., Hindler, J. F., Kahlmeter, G., 
Olsson- Liljequist, B., Paterson, D. L., Rice, L. B., Stelling, J., 
Struelens, M. J., Vatopoulos, A., Weber, J. T., & Monnet, D. 
L. (2012). Multidrug- resistant, extensively drug- resistant 
and pandrug- resistant bacteria: An international expert pro-
posal for interim standard definitions for acquired resistance. 
Clinical Microbiology and Infection, 18, 268– 281. https://doi.
org/10.1111/j.1469-0691.2011.03570.x
Muehlenbein, M. P. (2013). Human- wildlife contact and emerging infec-
tious diseases. Human- Environment Interactions, 1, 79– 94. https://
dx.doi.org/10.1007%2F978 - 94- 007- 4780- 7_4
Nadimpalli, M., Marks, S., Montealegre, M., Gilman, R., Pajuelo, M., 
Saito, M., Tsukayama, P., Njenga, S., Kiiru, J., Swarthout, J., Islam, 
M., Julian, T., & Pickering, A. (2020). Urban informal settlements as 
hotspots of antimicrobial resistance and the need to curb environ-
mental transmission. Nature Microbiology, 5, 787– 795. https://doi.
org/10.1038/s4156 4- 020- 0722- 0
Navarro- Gonzalez, N., Wright, S., Aminabadi, P., Gwinn, A., Suslow, T. 
V., & Jay- Russell, M. T. (2020). Carriage and subtypes of food-
borne pathogens identified in wild birds residing near agricultural 
lands in California: A Repeated Cross- Sectional Study. Applied 
     |  9RODRIGUES Et al.
and Environmental Microbiology, 86, 1. https://doi.org/10.1128/
AEM.01678 - 19
O'Neill, J. (2016). Tackling drug- resistant infections globally: Final report 
and recommendations.
Pornsukarom, S., & Thakur, S. (2017). Horizontal dissemination of an-
timicrobial resistance determinants in multiple salmonella sero-
types following isolation from the commercial swine operation 
environment after manure application. Applied and Environmental 
Microbiology, 83, e01503- 17. https://doi.org/10.1128/AEM.01503 
- 17
Public Health England. (2015). UK Standards for Microbiology Investigations 
- Identification of Pseudomonas species and other Nonglucose 
Fermenters. Public Health England.
Public Health England. (2021). Thirty- day all- cause mortality following 
MRSA, MSSA and Gram- negative bacteraemia and C. difficile infec-
tions. Public Health England.
Puga, C. H., Dahdouh, E., SanJose, C., & Orgaz, B. (2018). Listeria mono-
cytogenes Colonizes pseudomonas fluorescens biofilms and in-
duces matrix over- production. Frontiers in Microbiology, 9, 1706. 
https://doi.org/10.3389/fmicb.2018.01706
Saitou, N., & Nei, M. (1987). The neighbor- joining method: A new method 
for reconstructing phylogenetic trees. Molecular Biology and 
Evolution, 4, 406– 425.
Saleh, W. M. M., Lafta, M. H., Abdulrazaq, A. W., Habib, H. N., & Naeem, 
L. A. (2019). Bacteriological and histopathological evaluation of 
infectious lymphadenitis caused by Pseudomonas aeruginosa in 
Awasi Sheep. Advances in Animal and Veterinary Sciences, 7, 378– 
382. https://doi.org/10.17582/ journ al.aavs/2019/7.5.378.382
Sela, S., Hammer- Muntz, O., Krifucks, O., Pinto, R., Weisblit, L., & 
Leitner, G. (2007). Phenotypic and genotypic characterization of 
Pseudomonas aeruginosa strains isolated from mastitis outbreaks 
in dairy herds. The Journal of Dairy Research, 74, 425– 429. https://
doi.org/10.1017/S0022 02990 7002610
Sharland, M., Pulcini, C., Harbarth, S., Zeng, M., Gandra, S., Mathur, 
S., & Magrini, N. (2018). Classifying antibiotics in the WHO 
Essential Medicines List for optimal use— be AWaRe. The Lancet 
Infectious Diseases, 18, 18– 20. https://doi.org/10.1016/S1473 
- 3099(17)30724 - 7
Shehane, S. D., Harwood, V. J., Whitlock, J. E., & Rose, J. B. (2005). 
The influence of rainfall on the incidence of microbial faecal in-
dicators and the dominant sources of faecal pollution in a Florida 
river. Journal of Applied Microbiology, 98, 1127– 1136. https://doi.
org/10.1111/j.1365- 2672.2005.02554.x
Stellato, G., Utter, D. R., Voorhis, A., De Angelis, M., Eren, A. M., & 
Ercolini, D. (2017). A few pseudomonas oligotypes dominate in the 
meat and dairy processing environment. Frontiers in Microbiology, 8, 
264. https://doi.org/10.3389/fmicb.2017.00264
Tamura, K., & Nei, M. (1993). Estimation of the number of nucleotide 
substitutions in the control region of mitochondrial DNA in humans 
and chimpanzees. Molecular Biology and Evolution, 10, 512– 526.
The European Committee on Antimicrobial Susceptibility Testing. (2019). 
Breakpoint tables for interpretation of MICs and zone diameters. 
Version 9.0. 2019.
Vasconcelos, R. H., Bezerra, W. G. A., Siqueira, R. A. S., de Medeiros, 
P. H. Q. S., Lucena, R. B., Havt, A., da Silva, I. N. G., & Maciel, W. 
C. (2017). Natural coinfection of Pseudomonas aeruginosa and 
enteroaggregative Escherichia coli in a feral pigeon (Columba livia). 
Acta Scientiae Veterinariae, 45(Suppl 1), 208.
Venturi, V., Bertani, I., Kerényi, A., Netotea, S., & Pongor, S. (2010). Co- 
swarming and local collapse: Quorum sensing conveys resilience to 
bacterial communities by localizing cheater mutants in pseudomo-
nas aeruginosa. PLoS One, 5, e9998. https://doi.org/10.1371/journ 
al.pone.0009998
Vidal, A., Baldomà, L., Molina- López, R. A., Martin, M., Darwich, L., & 
Darwich, L. (2017). Microbiological diagnosis and antimicrobial sen-
sitivity profiles in diseased free- living raptors. Avian Pathology, 46, 
442– 450. https://doi.org/10.1080/03079 457.2017.1304529
Walker, S., Sander, J., Cline, J., & Helton, J. (2002). Characterization 
of Pseudomonas aeruginosa isolates associated with mortal-
ity in broiler chicks. Avian Diseases, 46, 1045– 1050. https://doi.
org/10.1637/0005- 2086(2002)046[1045:copai a]2.0.co;2
Wellcome Trust, U.S. Centers for Disease Control and Prevention, UK 
Science & Innovation Network. (2018). Initiatives for addressing 
antimicrobial resistance in the environment: Current situation and 
challenges.
How to cite this article: G. C. Rodrigues, J., Nair, H. P., 
O'Kane, C., & Walker, C. A. (2021). Prevalence of multidrug 
resistance in Pseudomonas spp. isolated from wild bird feces 
in an urban aquatic environment. Ecology and Evolution, 00, 
1– 9. https://doi.org/10.1002/ece3.8146
